Summary.
We investigated by transmission and scanning election microscopy the interface between the epithelium and lamina propria in the rat urinary bladder. A digestion technique that dissolves the basal laminae and collagen fibrils was effective in cleaving the mucosa at this level; the specimens were then prepared for scanning electron microscopy, thus visualizing the basal epithelial surface and the uppermost surface of the lamina propria. The underside of the epithelium is scored by very numerous grooves which in the intact organ are occupied by a dense network of blood capillaries. These vascular grooves allow a large number of capillaries (epithelial capillaries) to run at a distance of a few tenths of a micron from the epithelium. On the side of the lamina propria, after collagen and other extracellular materials had been removed, the capillary network itself is visible in the uppermost region. The network is complementary to that of vascular grooves. Other smaller grooves on the basal surface of the epithelium correspond to nerve fibres which run within a few tenths of a micron from the epithelium. (HICKS, 1975) .
Scanning electron microscopy (SEM), in so far as it produces high-resolution views of natural surfaces or of surfaces obtained by dissection or cleavage, is an ideal approach for investigating the morphology of the plane separating epithelium and lamina propria in the bladder. It provides extensive views of this interface, and, combined with transmission electron microscopy (TEM) of thin sections, it allows a full structural visualization to be obtained.
In the present study, we applied this technique to the rat urinary bladder and investigated the arrangement of blood vessels and nerves in this region and their relation to the epithelium.
MATERIALS AND METHODS
We used adult female Sprague Dawley rats (onemonth-old to one-year-old; body weight 125-250 g). Details of the preparative procedure are given in INOUE and GABELLA (1991) where these experiments are described in extenso. Briefly, after killing the rat with an overdose of anesthetic, we opened the abdomen and exposed the urinary bladder and replaced its content with 1 ml of Krebs solution. The bladder was then fixed by transcardial vascular perfusion with a 3% solution of glutaraldehyde, plus 1% formaldehyde, in 100 mM Na cacodylate at pH 7. 4. The urinary bladder was excised and immersed in fixative for several hours; it was then cut into specimens, a few millimetres wide, that included the full thickness of the wall. The specimens were treated with 6 N NaOH for 15-20 min at 60C according to the method of TAKAHASHI-IWANAGA and FUJITA (1986) , to digest away the basal lamina and connective tissue. The specimens were then treated with 1% osmium tetroxide and 2% tannic acid for conductive staining (MURAKAMI, 1974) , dehydrated and freeze-dried from t-butyl alcohol (INouE and OSATAKE, 1988) . Dried specimens were ion-sputter coated with gold and observed in a scanning electron microscope at 10-25 kV.
For TEM, the urinary bladder was fixed with 2. 5 glutaraldehyde in 100 mM N a cacodylate buffer by vascular perfusion, post-fixed in 1% osmium tetroxide, dehydrated in ethanol and embedded in Epon. Thin sections were collected on grids and stained with tannic acid and uranyl acetate (KAJIKAWA et al., 1975) and lead citrate.
RESULTS
In transverse thin sections through the mucosa, the epithelium (urothelium) appeared composed of three layers of cells: superficial, intermediate and basal cells (Fig. 1 ). These cells were joined to each other by interdigitations and junctions of the adherens type. The interface between epithelium and lamina propria was not flat but scalloped by blood capillaries, which we refer to as "epithelial capillaries", lying within indentations of the basal epithelial surface (Fig. 1) . The endothelial cells were occasionally f enestrated and had many pinocytotic vesicles. The outer surface of the capillary was covered by pericytes. The gap between the basal surface of the epithelium (the epithelium underside) and a capillary was occupied by the two basal laminae, accompanied by isolated collagen fibrils.
The lamina propria observed by TEM was characterized by collagen fibrils, fibroblasts and blood vessels (Fig. 1) . Some of the large vessels supplied the epithelial capillaries. The collagen bundles just beneath the epithelium were thinner than those of the deeper regions, and in both regions they displayed an irregular criss-cross pattern (Fig, 1) . No elastin fibres were observed in the lamina propria.
During the digestion with strong alkali for SEM, epithelial cells came loose from the lining of the urinary bladder, and thus the surface of deeper epithelial cells was exposed (Fig. 2a, b) . It was possible to obtain views of various layers of the epithelium, from the luminal natural surface to the surface of the innermost cells. The superficial cells were flat, polygonal structures (usually regularly hexagonal), 50 1u m or more across; in contrast, the deeper cells were considerably smaller (about 10um across) and more isodiametric (Fig. 2b) . The surface of intermediate cells was studded with microplicae and the cell boundaries between adjacent cells were somewhat raised (Fig, 2b) .
In some areas the epithelium lifted as a whole and neatly separated from the underlying lamina propria. A moderate further digestion removed most of the collagen fibrils and other extracellular materials, and cellular components, such as capillaries, nerve fibres and fibroblasts became clearly visible. The outermost surface of the lamina propria thus exposed displayed a thick meshwork of blood capillaries, lying immediately above the layers of fibroblasts, i. e. near the epithelium (Fig. 3) . The meshwork of capillaries lay on a single plane and was parallel to the epithelium; no preferential orientation with respect to the axes of the bladder was observed, except in the area near the urethral orifice. The capillary network developed progressively during the post-natal life. Only few capillaries were present in the very young rats, but they increased in number and density until they formed a complete meshwork in the adult. In the mature meshwork, one could recognize focal points, i. e. points were the vessels from deeper parts of the lamina propria reached the epithelial capillaries.
The epithelial capillaries, measuring 5-10 jim in diameter were accompanied by pericytes, which often resided at the branching points and usually did not intervene between capillary and epithelium. The pericytes had numerous branching processes spread over 15-25um the capillary length. The capillary wall ranged in thickness from about l, u m in the portion of the endothelial cell nucleus to less than 0. 1 p m where the endothelial cells were extremely attenuated and bore fenestrations.
The areas with fenestrations were usually not covered by pericytes and were situated in the part of the capillary closest to the epithelium (Fig. 4a ).
There were also nerve fibres running close to the capillaries and the epithelium. Their course was not related to that of the capillaries, which they often crossed. The nerve fibres were unmyelinated and accompanied by Schwann cells (Figs. 4c, 5 ). Schwann cells sometimes protruded into the base of the epithelium, forming deep impressions in the epithelium underside (Fig. 4d) . The fibroblasts, which are located in the lamina propria deeper to the capillary network, were flattened and polygonal cells, about 30um wide and 1um thick; from their edges issued many processes that branched and interdigitated.
By undertaking a careful dissection and lifting the epithelium after drying, large flaps of epithelium could be removed in toto. The "underside" of the epithelium, i. e. the surface facing the lamina propria showed a labyrinthine pattern of grooves measuring 5-8um in width and 3-4um in depth. They were recesses in the epithelial surface that in the intact tissue housed the epithelial capillaries; we refer to them as "vascular grooves". The two meshworks of epithelial capillaries and vascular grooves were complementary ( Fig. 4a and b ; Fig. 4c and d) . The underside of the epithelium in one-year-old rats displayed also other grooves, smaller, less numerous and less uniform than the vascular grooves. In complementary replicas, it was possible to show that these grooves housed nerve fibres that ran extremely close to the epithelium.
DISCUSSION
The close relation between the epithelium (urothelium) and blood vessels in the ureter and bladder has been known for a long time on the basis of light microscope studies (ABRAHAM, 1930; MOLLENDORFF, 1930) , TEM studies (LEESON, 1962; HICKS, 1965; AMON and SANCAK, 1967) and vascular injections and casts (TATEMATSU et al., 1978) . However, the en face views of this region of the mucosa provided by SEM document in much greater detail the elaborate and dense pattern of epithelial capillaries. The network is so extensive that it is impossible to know in which direction the blood should flow, a problem compounded by ignorance on the effect of bladder distension on blood flow. For about 1/3 of their circumference the capillary outer surface lies very close to the inner surface of the epithelium. Proceeding from the lumen of the capillary, one encounters the thin, laminar endothelial cell, with occasional fenestrations, then its basal lamina, then a gap of a few tenths of a micrometre, The bundles of collagen fibrils in the lamina propria run parallel to the epithelium and at an angle with each other and have a criss-cross arrangement, but they do not form a pattern as regular as that found in the intestinal submucosa (GABELLA, 1987) . It is interesting that no elastic fibres were observed in the lamina propria, whereas they have been found in the outer portions of the bladder wall (USHIKI and MURAKUMO, 1991) .
The functional significance of this vascular apparatus is probably multifold but is not well understood. The transitional epithelium has been assumed to be impermeable to water and salts (KERR et al., 1963; HICKS, 1966) , but radioisotope studies have shown that the urinary bladder may be relatively permeable (FELLOWS and MARSHALL, 1972) . The fenestrations of the capillaries may play a role in the transport of solutes to the blood. Since they increase in number in epithelial hyperplasia (TATEMATSU et al., 1984) , endothelial fenestrations may be structures that adapt to the physiological states of the urothelium. The remarkable extent of the epithelial capillary network indicates that a substantial blood supply is circulated at the closest possible distance from the epithelium. Metabolic exchanges between blood and epithelial cells are thus favoured. However, since transport of materials across the urothelium is small, if it occurs at all, the role of such extensive vascular network may lie elsewhere. It is intriguing to speculate that the closeness of epithelium, nerve fibres and capillaries gives to this region a role in the inflammatory response. The bladder mucosa is very sensitive to chemical stimulation (KOLTZENBURG and MCMAHON, 1986; MCMAHON and ABEL, 1987) which sets up a neurogenic inflammation; afferent fibres are directly involved and a chief aspect of the process is extravasation of plasma from blood vessels. 
